Salmonella enterica serovar Typhimurium is a versatile organism for the generation of live recombinant vaccines for mucosal immunization. Various strategies have been devised for the stable and efficient expression of heterologous antigens by attenuated S. enterica strains, but these methods often require complex manipulations. Use of phage Red recombinase has recently been devised for gene replacements in Escherichia coli and S. enterica after introduction of PCR products. Based on this method, we have developed an approach that allows the integration of recombinant expression cassettes for heterologous antigens in a single step. The recombinant construct is integrated into the chromosome and is devoid of any selective marker such as antibiotic resistance. We observed the stable expression of model antigens without selective pressure. In addition, the method allows the simultaneous generation of attenuating mutations by gene deletions. The novel "knock-in" approach allows the rapid and efficient construction of recombinant Salmonella strains as vaccine carriers.
Live attenuated bacteria delivered by the oral route are interesting tools for mucosal immunization. For this strategy, Salmonella enterica serotypes Typhimurium and Typhi are suitable organisms for the engineering of live recombinant vaccines (for a review, see reference 20) . Genetic manipulation allows the generation of attenuated strains that are safe for application in vaccinees, as well as the introduction of heterologous antigens.
A common problem with recombinant bacterial vaccines is the generation of strains that allow stable expression of heterologous antigens in the absence of selective pressure. Several strategies have been developed to address this requirement. These include the balanced lethal plasmid stabilization approach, resulting in the complementation of an auxotrophy due to a mutation on the bacterial chromosome by a functional allele present on the plasmid that expresses the vaccine antigen (4, 8) . Furthermore, one can utilize genetic switches to shift a part of the bacterial population to antigen expression (26) . It was also possible to insert DNA fragments for the expression of foreign antigens into the chromosome of the carrier strain (22) . Although these approaches resulted in the construction of vaccine carrier strains, the genetic manipulations required for the construction of such strains are rather laborious and time-consuming.
Over the last few years, bacteriophage-encoded recombinases have been used for engineering homologous recombination in the chromosomes of Escherichia coli and S. enterica serovar Typhimurium (5, 27) . The Red recombinase technique was initially used for the construction of mutations and deletions in genes of interest but is also useful for the introduction of gene fusions (23) or reporter strains (7, 13) .
Here, we introduce a novel approach that allows the stable integration of expression cassettes for heterologous antigens into the chromosome of S. enterica serotype Typhimurium. This technique also allows the simultaneous generation of deletions in the genome of Salmonella that can be used to attenuate virulence of the carrier strain. Due to the modular concept, an expression cassette can be inserted into various loci. We demonstrate that the chromosomal integration of expression cassettes allows the construction of strains that express foreign antigen in a stable and regulated manner. The "knockin" approach could significantly accelerate the construction of recombinant vaccine carrier strains.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in the present study are listed in Table 1 . S. enterica serovar Typhimurium strain 12023 was used as a wild-type strain. Bacteria were routinely cultured in Luria-Bertani (LB) broth and on LB agar plates. If required for the selection of recombinants or to maintain plasmids, carbenicillin (50 g/ml) and/or kanamycin (50 g/ml) were added. Minimal media with limiting (PCN-P medium) or nonlimiting (PCN medium) amounts of phosphate were used for the analyses of promoters under control of the SsrAB regulatory system in vitro and have been described before (6) . For chromogenic tests of phosphatase activity, 30 g of X-phosphate (BCIP [5-bromo-4-chloro-3-indolylphosphate], Biomol, Hamburg, Germany)/ml was added to LB agar plates. For growth of auxotrophic strains, synthetic media were supplemented with 40 g each of L-tyrosine, L-tryptophan, and L-phenylalanine/ml and 10 g each of 2,3-dihydrobenzoic acid and para-aminobenzoic acid/ml for aroA strains and 1 mM adenine for purD strains.
DNA biochemistry. The primers aph-For-KpnI and aph-Rev-KpnI were used to amplify the kanamycin resistance (Kan r ) gene flanked by FLP sites from the plasmid pKD4 (5) . KpnI sites were introduced in the primer sequences, and the DNA fragments obtained by PCR amplification were digested by KpnI and cloned into the KpnI site of pBluescript SK(ϩ) (Stratagene, Heidelberg, Germany) to yield plasmid p2795.
Various expression cassettes were inserted into the polylinker of p2795 as described in Results in order to generate templates for the generation of targeting constructs. DNA constructs were routinely confirmed by DNA sequencing.
Targeting constructs were generated by PCR amplification of p2795 derivatives with the respective expression cassette by using the pairs xyz-knockin-left and xyz-knockin-right primers, with xyz standing for the respective target gene. The primers had 38 to 40 nucleotides complementary to the target genes phoN, aroA, purD, htrA, recA, or galE of the Salmonella chromosome, followed by 20 nucleotides complementary to the lacZ fragment in pBluescript SK(ϩ) ( Table 1) .
Genetic manipulation of Salmonella strains. DNA fragments resulting from amplification of targeting construct by using knock-in primer pairs were digested by DpnI to remove remaining plasmids DNA, purified on Qiagen columns, and used for electroporation of S. enterica serotype Typhimurium harboring pKD46 as previously described (5, 23) . Kan r transformants were selected at 37°C and were further analyzed for sensitivity to carbenicillin and phenotypes resulting from the integration of the DNA cassettes into the respective target gene. If appropriate, the Kan r gene from chromosomally integrated cassettes was deleted by FLP-mediated recombination. For this purpose, plasmid pCP20 was introduced by electroporation or P22 transduction. Subsequently, the resulting clones were cured from pCP20 by growth at 42°C, and the absence of lysogenic P22 was confirmed according to standard methods (18) if appropriate.
Analysis of heterologous antigen expression. To quantify expression levels of genes within chromosomally integrated expression cassettes, green fluorescent protein (GFP) fluorescence was quantified by flow cytometry of bacteria grown in vitro. Bacterial cultures grown in various media were harvested, and flow cytometry on a FACScalibur (BD, Heidelberg, Germany) was performed was previously described (16) .
Expression levels of the model antigen ovalbumin (OVA) were determined by Western blot analysis of lysates of bacterial cultures grown in vitro. OVA in bacterial lysates was detected with rabbit antiserum to OVA (Chemicon, Hofheim, Germany) as primary antibody and a goat and rabbit-horseradish peroxidase conjugate as the secondary antibody and enhanced chemiluminescence detection (AP-Biotech, Freiburg, Germany).
Adoptive transfer model and analysis of T-cell proliferation after vaccination. Ammonium chloride-treated splenocytes from 10-to 12-week-old female DO11.10 mice (JAX) were transferred by tail vein injection into sex-and agematched BALB/c recipient mice (4 ϫ 10 6 tgTCR CD4 ϩ T cells per recipient mouse) and immunized 1 day later. Overnight cultures of the bacteria were harvested by centrifugation at 4,000 ϫ g for 10 min, washed, and resuspended in To measure OVA-specific T-helper-cell activation, mice were sacrificed 7 days after immunization with the bacterial strains. Single-cell suspensions of Peyer's patches, mesenteric lymph nodes, and spleens were stained with biotinylated anti-tgTCR clonotype antibody KJ1-26 (12), anti-CD4-allophycocyanin, and anti-B220-fluorescein, followed by streptavidin-PerCP (all from BD), and ca. 2 ϫ 10 5 cells were analyzed by flow cytometry (BD). CD4 ϩ tgTCR ϩ B220 Ϫ lymphocytes were analyzed for their forward scatter (2) .
RESULTS
Rationale of the knock-in approach. The Red recombinase approach (5) was utilized for integration of expression cassettes into the chromosome of S. enterica serotype Typhimurium and the concomitant generation of deletions leading to the attenuation of virulence of the resulting strain.
Expression cassettes were constructed that contained either a constitutive promoter or an in vivo-activated promoter to control expression of the heterologous model antigen or GFP as reporter for expression. As an in vivo-activated promoter, we used Pro sseA derived from Salmonella pathogenicity island 2 (SPI2). This promoter is activated by Salmonella residing within the Salmonella-containing vacuole of infected host cells, and our previous work demonstrated that superior immune responses were induced if heterologous antigens were specifically expressed by intracellular Salmonella carrier strains (15a).
Expression cassettes were inserted into a plasmid that contained aph encoding kanamycin resistance flanked by FRT sites (Fig. 1A) . The resulting targeting construct was amplified by PCR with primers complementary to (i) the flanks of the targeting constructs and (ii) the chromosomal gene selected for integration (Fig. 1B) . By homologous recombination mediated by the Red recombinase, a chromosomal gene was replaced by the targeting construct (Fig. 1C) . Finally, the aph gene was deleted by FLP-mediated recombination (Fig. 1D) , resulting in strains that carried stable insertions of expression cassettes in the chromosome but were devoid a resistance markers.
For the evaluation of the approach, we analyzed the chromosomal integration of targeting constructs into the phoN locus. phoN is not required for normal growth of S. enterica serovar Typhimurium and mutations of phoN do not result in the attenuation of virulence (10) . However, the replacement of phoN by an expression cassette can be easily detected by a chromogenic plate test. Salmonella strains harboring the functional phoN gene form light blue colonies on agar plates containing the phosphatase substrate X-phosphate. phoN mutant strain could easily be detected by lack of color formation. After transformation of ca. 5 ϫ 10 9 CFU of S. enterica serovar Typhimurium (pKD46) with a linear targeting construct generated by PCR, between 10 and 100 transformants were routinely obtained. To remove the Kan r marker, temperature-sensitive plasmid pCP20 expressing FLP recombinase was introduced. Resulting strains were cured from the plasmid and checked for sensitivity to kanamycin and ampicillin. On plate tests, all of the resulting strains were phosphatase negative (data not shown).
Stability of expression after chromosomal integration. We next analyzed whether expression cassettes inserted into a chromosomal target gene were stably maintained in the absence of selective pressure. Furthermore, the regulated expression of a heterologous gene inserted by the expression cassette was monitored. Strain MvP436 harboring a replacement of the phoN by an expression cassette with GFP under the control of Pro sseA was cultured with repeated subcultures in the absence of selective pressure, and GFP expression was quantified by flow cytometry after various times of culture ( Fig. 2A) . We observed that expression of GFP was not affected by the length of culture in absence of selective pressure, suggesting that the majority of the bacteria were harboring the expression cassette.
The specificity of regulation of the intracellular activated promoter Pro sseA remained identical throughout the course of the experiment. Compared to strains harboring plasmid- borne cassettes grown under selective pressure, GFP fluorescence of strains harboring chromosomally integrated cassettes was lower (Fig. 2B) . Expression of chromosomal integrated cassettes under noninducing conditions (LB and PCN media) was not observed, indicating proper control by the SsrAB regulatory system. Furthermore, expression cassettes with Pro sseA in the background of an ssrB mutation were not induced under any culture conditions (Husseiny and Hensel, unpublished). These observations indicate that expression cassettes introduced by replacement of chromosomal loci allow the construction of stable carrier strains with regulated expression of heterologous antigens.
To test stability in vivo, a strain was used for oral immunization of mice in which the purD locus was replaced by an expression cassette with the aph gene. Analyses of feces indicated that this carrier strain was shed for up to 9 days. Plating on selective agar with or without kanamycin indicated that the recovered S. enterica serovar Typhimurium were Kan r (data not shown), supporting the stability of chromosomal integrated cassettes during vaccination.
Attenuation of virulence by knock-in mutagenesis. Various genes were investigated as targets for integration of expression cassettes and simultaneous generation of attenuating mutations. We selected aroA, galE, recA, purD, or htrA as target sites, since mutant strains deficient in these genes have previously been described as attenuated vaccine strains or are known targets for attenuation (9, 17) . The target specificity was determined by selection of knock-in primer set as listed in Table 2 . Successful integration of expression cassettes into aroA or purD was phenotypically confirmed the auxotrophy of the resulting strain. Furthermore, all integrations were confirmed by PCR.
In order to analyze the effect of the knock-in mutagenesis on the virulence of the resulting strains, infection studies were performed with mixtures of a new knock-in strain and the aroA strain SL7207 as a standard attenuated carrier strain. The competitive index (CI) as a sensitive value for the relative virulence of the strains was calculated ( Table 3) . As observed above, the attenuation of systemic virulence of strain SL7207 was similar to that of a strain deficient in sseC of SPI2. Furthermore, strain SL7207 and an aroA mutant generated by the knock-in approach (MvP462) were equally attenuated. Knock-in strains with galE, htrA, or purD deleted showed levels of attenuation similar to that of strain SL7207. However, strain MvP455 harboring a replacement of recA by the expression cassette was recovered from the spleens of infected mice 2 orders of magnitude more frequently than strain SL7207. This observation is in line with the previous observation that a recA mutant strain has a lower 50% lethal dose than an aroA-
FIG. 2. Regulated expression and stability of chromosomally integrated expression cassettes. S. enterica serotype Typhimurium strain MvP436
harbors an expression cassette consisting of the intracellular activated promoter Pro sseA and GFP as reporter that was inserted into the phoN gene. The bacteria were cultured in LB medium without selective pressure, and subcultures were prepared each day over a period of 7 days, which corresponds to ca. 50 generations. Overnight cultures were used to inoculate LB medium, PCN minimal medium, or PCN-P minimal medium. Previous work showed that expression under the control of Pro sseA was not induced after bacterial growth in LB or PCN medium but that induction could be obtained by culture in PCN-P medium (6, 11) . After growth in the indicated medium for 16 h, GFP fluorescence of bacterium-sized particles was analyzed by flow cytometry, and the percentage of GFP-expressing bacteria is indicated. For controls, S. enterica serotype Typhimurium wild type (WT) or a strain deficient in ssrB, each harboring plasmid pLS824 were cultured for 7 days with sequential subcultures in the presence of carbenicillin. pLS824 is a derivative of low-copy-number vector pWSK29 harboring the GFP expression cassette.
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SALMONELLA VACCINE CARRIERS 1601 deficient strain (1) . Attenuation of a recA strain might therefore be insufficient for the use as vaccine carrier strain. Expression cassettes are functional after insertion into various loci. Various chromosomal loci were investigated for insertion of expression cassettes. Expression cassettes for GFP and OVA could be stable integrated into aroA, galE, htrA, purD, and recA. The regulated expression of knock-in cassettes with GFP under the control of the promoter Pro sseA was analyzed by flow cytometry of recombinant strains grown under conditions noninducing or inducing Pro sseA (Fig. 3) . Induction of the GFP reporter was similar after integration of expression cassettes into phoN, htrA, purD, or recA. In contrast, an expression cassette inserted into aroA showed an aberrant pattern of regulation, i.e., low induction and high background expression. The expression cassettes inserted into the galE locus showed the highest induction under inducing growth conditions but also background expression under noninducing conditions.
We also analyzed expression cassettes for the model antigen OVA under control of regulated or constitutive promoters after integration into various chromosomal loci (Fig. 4) . Western blot analyses of bacterial cultures grown under noninducing conditions (LB and PCN medium) or inducing conditions (PCN-P) indicated regulated expression. Insertion of the Pro sseA OVA expression cassette into aroA or galE resulted in high background expression of the antigen (Fig. 4A) . In general, the amounts of OVA expressed from genes on expression cassettes inserted into the chromosomes were lower than the amounts of OVA detected in strains harboring plasmids containing the expression cassettes (Fig. 4C) . Introduction of expression cassettes with OVA under control of a constitutive promoter resulted in equal expression under various growth conditions as indicated by the similar amount of OVA in cell lysates (Fig. 4B and data not shown) .
These data demonstrate that expression cassettes can be inserted into various chromosomal locations and allow controlled expression of foreign antigens by attenuated Salmonella carrier strains.
Stimulation of immune response by strains harboring expression cassettes. We analyzed whether strains harboring expression cassettes integrated in the chromosome were capable in triggering immune responses in experimental vaccination. The availability of transgenic DO11.10 mice expressing a T-cell receptor specific for an OVA epitope makes it possible to follow to the stimulation of T-cell proliferation after vaccination with OVA-expressing carrier strains. T cells from DO11.10 mice are transferred to naive BALB/c mice, which were subsequently infected with recombinant S. enterica serovar Typhimurium strains. We compared the numbers of OVAspecific T cells in various organs after vaccination with strains that were attenuated by replacement of the galE gene by various expression cassettes (Fig. 5) . Compared to nonimmunized mice or mice immunized with a strain expressing an irrelevant antigen (GPF), higher numbers of OVA-specific T-cell were detected after vaccination with strains expressing OVA. T-cell proliferation was significantly enhanced in Peyer's patches and spleens by a carrier strain expressing OVA under control of the intracellular activated promoter Pro sseA. The observations indicate that recombinant strains expressing heterologous antigens from a cassette integrated into the chromosome can stimulate a specific immune response.
DISCUSSION
In this report, we describe a novel approach for the generation of recombinant Salmonella vaccine strains. The approach is based on a modification of the Red recombinase technique that allows the simple, one-step construction of Salmonella a Groups of three mice were infected intraperitoneally with an inoculum consisting of a mixture of about 10 3 CFU of strain SL7207 (aroA) and about 10 3 CFU of the recombinant knock-in strains as indicated. For a control, a mixture of SL7207 and the SPI2-deficient strain HH104 was used for infection. The animals were sacrificed 48 h after infection, and the spleens were removed. Serial dilutions of spleen homogenates were plated onto agar plates containing streptomycin or kanamycin for the enumeration of CFU of strains SL7207 and/or knock-in strains, respectively. The CI was calculated as the output ratio of the CFU of knock-in strains to the CFU of SL7207 wild-type bacteria divided by the input ratio of knock-in to SL7203 bacteria. The CI is the geometric mean obtained from three mice for the mixed infections with the aroA mutant strain.
The CI values of groups b to f were compared to group a by using the Student t test. b That is, a mixed infection with SL7207 aroA strain. phoN, aroA, galE, recA, purD, or htrA) were grown in vitro in media inducing expression from SPI2 promoters. (C) For a control, S. enterica serovar Typhimurium wild type harboring low-copy-number plasmid p2593 expressing OVA under control of Pro sseA was grown in various media. Lysates containing equal amounts of bacteria were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analyses for the detection of OVA. For growth in PCN or PCN-P medium, aroA-or purD-deficient strains were supplemented as described in Materials and Methods. n.d., not determined.
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SALMONELLA VACCINE CARRIERSstrains that express heterologous antigens for vaccination strategies involving live carriers. The Red recombinase technique has been introduced by Datsenko and Wanner (5) for the replacement of single genes or operons in E. coli by resistance genes that could be subsequently deleted by FLP-mediated recombination. We have modified the technique so that expression cassettes can be stably introduced into the chromosome of Salmonella. After removal of the antibiotic resistance marker, the expression of heterologous antigens by the cassettes was stable over many generations. We also observed that expression of chromosomally integrated cassettes containing a promoter specifically activated by intracellular Salmonella was tightly regulated.
Our approach has important advantages to construction of carrier strains for vaccination. Antibiotic resistance markers are only required during the construction of strains and can easily be eliminated. Since antibiotic resistance markers have to be avoided in recombinant strains that will ultimately be delivered to a vaccinee, maintenance of plasmid-based expression systems for heterologous antigens was often achieved by balanced lethal systems.
A further advantage of the system described here is the option of creating attenuating mutations concomitantly with introduction of the heterologous antigen. As demonstrated for targeting of expression cassettes into the aroA locus of Salmonella, a simple recombination event results in a strain that is attenuated, as well as expressing the heterologous antigen. We could also insert expression cassettes into purD, htrA, aroA, or galE, resulting in deletion of these loci. It was shown before that mutant strains deficient in these genes are highly attenuated in virulence and represent safe and efficient vaccine carrier strains. We also observed that deletions in aroA, htrA, purD, or galE generated by the knock-in approach were highly attenuated in mouse virulence. The construction of strains expressing a heterologous antigen with different attenuating mutations can be performed very rapidly by selecting the appropriate knock-in primer sets.
A possible limitation of the system might be the low amount of heterologous antigen due to the chromosomal expression cassettes in single copy in contrast to plasmid-based systems with multiple copies. In the present study, we used an intracellular activated promoter derived from SPI2 for regulated expression, but it is possible that other in vivo-activated promoters allow higher expression levels. Future work is necessary to determine the optimal promoters for high-level expression of heterologous antigens from chromosomally integrated cassettes.
In summary, we developed a versatile approach for vaccine carrier strain construction, since different targets for attenuation can be investigated just by design of a set of specific primers for amplification of the insertion cassette. It will be of future interest to use this approach also for the construction of recombinant vaccine strains of other bacterial species.
